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SpainABSTRACT The origin of resistance to detergent solubilization in certain membranes, or membrane components, is not clearly
understood. We have studied the solubilization by Triton X-100 of binary mixtures composed of egg sphingomyelin (SM) and
either ceramide, diacylglycerol, or cholesterol. Solubilization has been assayed in the 4–50C range, and the results are sum-
marized in a novel, to our knowledge, form of plots, that we have called temperature-solubilization diagrams. Despite using a
large detergent excess (lipid/detergent 1:20 mol ratio) and extended solubilization times (24–48 h) certain mixtures were not
amenable to Triton X-100 solubilization at one or more temperatures. DSC of all the lipid mixtures, and of all the lipidþ detergent
mixtures revealed that detergent resistance was associated with the presence of gel domains at the assay temperature. Once
the system melted down, solubilization could occur. In general adding high-melting lipids limited the solubilization, whereas the
addition of low-melting lipids promoted it. Lipidomic analysis of Madin-Darby canine kidney cell membranes and of the corre-
sponding detergent-resistant fraction indicated a large enrichment of the nonsolubilized components in saturated diacylglycerol
and ceramide. SM-cholesterol mixtures were special in that detergent solubilization was accompanied, for certain temperatures
and compositions, by an independent phenomenon of reassembly of the partially solubilized lipid bilayers. The temperature at
which lysis and reassembly prevailed was ~25C, thus for some SM-cholesterol mixtures solubilization occurred both above and
below 25C, but not at that temperature. These observations can be at the origin of the detergent resistance effects observed
with cell membranes, and they also mean that cholesterol-containing detergent-resistant membrane remnants cannot corre-
spond to structures existing in the native membrane before detergent addition.INTRODUCTIONDetergents are essential tools in the biochemical studies of
cell membranes (1–3). From the early studies it became
established that certain membrane components/fractions
were not amenable to solubilization (4,5). More recently,
in a rather unexpected way, the proposal of the raft hypoth-
esis (1) was at the origin of a considerable amount of exper-
imental results and theoretical proposals on the detergent
solubilization of biological membranes. In fact, in the
absence of a clear rationale rafts were related, and some-
times identified, with membrane fragments that would resist
solubilization by certain detergents, particularly Triton X-
100 at low temperatures (4C). This in turn originated
new investigations on the mechanism of action of detergents
(6–8), and prompted the publication of works that stressed
the fundamental differences between the concepts of rafts
and detergent-resistant membranes (9–13).
Related studies include the description of resistance to-
ward Triton X-100 solubilization in phospholipid/choles-
terol (Ch) bilayers, both at high and low temperaturesSubmitted May 30, 2014, and accepted for publication October 29, 2014.
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0006-3495/14/12/2828/10 $2.00(14,15). Further work has shown the detergent resistance
of egg sphingomyelin (SM)-ceramide (Cer) mixtures (16–
18). This observation is particularly interesting because
SM hydrolysis by sphingomyelinases, thus generation of
Cer, and of SM-Cer mixtures, appears to be an early step
in the sphingolipid signaling pathway (19). Furthermore,
Sot et al. (16) were able to show that SM-Cer mixtures
were resistant to detergent solubilization at 4C, but became
fully solubilized at 50C, thus mimicking with this simple
two-lipid system the thermal behavior attributed to cell-
membrane derived detergent-resistant fractions. In the
same study, DSC of SM-Cer mixtures suggested a correla-
tion between solubilization at a given temperature, and pres-
ence of gel lipid phases at that temperature. Ceramide,
whose gel-fluid transition temperature Tm is above 90
C
(20,21), would increase the Tm of SM when mixed with
this lipid, and this would make the SM-Cer mixtures resis-
tant to Triton X-100 solubilization at temperatures at which
pure SM would be readily solubilized.
The idea that insolubility of SM-Cer mixtures was basi-
cally due to a physical property of Cer, i.e., its high Tm,
rather than to a chemical feature of that molecule suggested
the possibility of testing the detergent resistance of bilayers
prepared with diacylglycerols (DAG), chemically differenthttp://dx.doi.org/10.1016/j.bpj.2014.10.063
Detergent Solubilization of Membranes 2829from Cer, and with Tm covering a large temperature range,
both above and below that of pure SM. The results below
show that high-melting DAG, e.g., distearoylglycerol, but
not low-melting ones, e.g., dioleoylglycerol do give rise,
in mixtures with SM, to bilayers that can be solubilized
by Triton X-100 at 50C, but not at 4C. Multiple results
of this kind, to our knowledge, can be presented in a
condensed novel format that could be called temperature-
solubilization diagrams. In a different series of studies,
detergent-resistant fractions of Madin-Darby canine kidney
(MDCK) cell membranes have been shown, by lipidomic
analysis, to be enriched in saturated DAG and in ceramides.
Moreover, the temperature-solubilization diagram of a
previously studied detergent-resistant mixture, i.e., SM-
Ch, reveals irregularities that are explained in terms of the
capacity of Triton X-100 to induce lysis and reassembly
of phospholipid-cholesterol mixtures (22) at certain deter-
gent concentrations.MATERIALS AND METHODS
Materials
Egg-yolk SM (85% C 16:0), egg yolk Cer (85% C 16:0), 1,2-dioleoyl-sn-
glycerol (DOG), 1,2-dipalmitoyl-sn-glycerol (DPG), and cholesterol (pu-
rity >98%) were purchased from Avanti Polar Lipids (Alabaster, AL)
and were used without further purification. 1,2-Disteoroyl-rac-glycerol
(DSG) and Triton X-100 (regular, bach 48H0208) were from Sigma (St.
Louis, MO). Dulbecco’s modified Eagle’s medium (DMEM) was obtained
from PAA Laboratories (Linz, Austria). Fetal bovine serum (FBS) was from
LONZA Biologics (Slough, UK); Glutamine/streptomycin/peniciline
GIBCO was from (Carlsbad, CA).Multilamellar vesicle preparation
For multilamellar vesicle (MLV) liposome preparation, the lipids were dis-
solved in chloroform/methanol (2:1) and mixed as required, and the solvent
was evaporated to dryness under a stream of nitrogen. Traces of the solvent
were removed by evacuating the samples under high vacuum for at least 2 h.
The samples were hydrated at 45C in 20 mM PIPES, 150 mMNaCl, 1 mM
EDTA, pH 7.4, helping dispersion by stirring with a glass rod. To ensure
homogeneous dispersion the hydrated samples were extruded between two
syringes through a narrow tubing (0.5 mm internal diameter, 10 cm long)
100 times at 45C. In these samples the amount of sphingomyelin was
kept constant, whereas the amount of the other lipid and, correspondingly,
that of total lipid, varied. The final lipid concentrationwasmeasured in terms
of lipid phosphorus (23). Liposome suspensions were mixed with the appro-
priate detergent solutions to obtain the desired lipid/detergent ratio (1:20).Solubilization assays
Solubilization was assessed from changes in turbidity. Equal volumes of
2 mM lipid þ 40 mM Triton X-100 in PIPES buffer were rapidly mixed.
Turbidity was measured as absorbance at 500 nm in a Uvikon 922 spectro-
photometer, equipped with thermoregulated cell holders. To measure rapid
solubilization events (timescale of s) turbidity was measured as absorbance
at 500 nm in a MOS-450 BioLogic (Grenoble, France) stopped-flow spec-
trophotometer. Turbidity values were normalized by setting 100% as the
turbidity of the samples without detergent, whereas 0% turbidity corre-
sponded to pure buffer.DSC
For DSC, both lipid suspension and buffer were degassed before being
loaded into the sample or reference cell of an MC-2 high-sensitivity scan-
ning calorimeter (MicroCal, Northampton, MA). The final concentration of
SM was 2 mM. Three heating scans at 45C/h were recorded for each sam-
ple. After the first one, successive heating scans on the same sample gave
always superimposable thermograms. Transition temperatures, enthalpies,
and widths at half-height were determined using the software ORIGIN
(MicroCal) provided with the calorimeter.Cell culture and detergent-resistant membrane
isolation
MDCK epithelial cells were grown at 37C in DMEM supplemented with
10% FBS and penicillin-streptomycin-glutamine. Detergent-resistant mem-
branes (DRMs) were obtained as described (24). Briefly, cells were grown
to confluency in 175 cc culture flasks (30 flasks for DRMs isolation sample
and 10 flasks for controls), collected from culture flasks by scraping in TNE
(150 mM NaCl, 2 mM EDTA, 50 mM TRIS-HCl, pH 7.4) and centrifuged
at 380  g for 5 min at 4C. Each pellet is resuspended in 500 ml TNE sup-
plemented with protease inhibitors and homogenized with a 25-G needle
(25 strokes). The homogenate is added to the same volume of TNE with
protease inhibitors, containing 2% (wt/vol) Triton X-100, and is gently in-
verted to mix and incubate for 30 min. To achieve the DRM separation the
sample composition was adjusted to 40% (wt/wt) sucrose by adding 2 ml of
56% sucrose, transferred to a TST 41.14 centrifuge tube and carefully over-
layed with 8.5 ml 35% sucrose and then 0.5 ml 5% sucrose. Using rotor
TST41.14, samples were centrifuged at 39,000 rpm (273,000  g) for 18
h. DRMs were collected from the top of the tubes as the floating fraction.
Homogenates were used as total lipid cell controls. DRM samples and con-
trols were centrifuged at 35,000 rpm (148,000  g) using rotor TFT 50.38
and resuspended with methanol for lipidomic assays.Lipidomic profiling
An ultra-performance liquid chromatography-mass/time-of-flight mass
spectrometry-mass spectrometry (UPLC/TOF-MS)-based platform was
used for optimal profiling of chloroform/methanol lipid extracts, providing
coverage over glycerolipids, cholesteryl esters, sphingolipids, and glycero-
phospholipids (25,26).
Cell extracts, either whole MDCK cells or their derived DRM (n ¼ 9)
were mixed with sodium chloride (50 mM) and chloroform/methanol
(2:1) in 1.5 ml microtubes at room temperature. The extraction solvent
was spiked with metabolites not detected in unspiked human cell extracts.
After brief vortex mixing, the samples were incubated for 1 h at 20C.
After centrifugation at 16,000  g for 15 min, the organic phase was
collected and the solvent removed. The dried extracts were then reconsti-
tuted in acetronitrile/isopropanol (50:50), centrifuged (16,000  g for
5 min), and transferred to vials for UPLC-MS analysis. Lipid nomenclature
follows the LIPID MAPS convention, www.lipidmaps.org.
Data obtained with the UPLC-MS (nine independent preparations per
sample) were processed with the TargetLynx application manager for Mas-
sLynx (Waters) as detailed by Barr et al. (25). Intra- and interbatch normal-
ization followed the procedure described in (27). All the calculations were
performed with R v2.13.0 (R Development Core Team). Lipid concentra-
tions were compared using unpaired Student’s or Welch’s t-test where un-
equal variances were found.Cryo-electron microscopy
Samples containing SM-Ch (80:20 molar ratio) MLVs, with or without
Triton X-100 were prepared for the cryo-electron microscopy (cryo-EM)Biophysical Journal 107(12) 2828–2837
2830 Sot et al.study. Three microliters of the sample were placed onto 300-mesh R2/1 hol-
ey carbon grids (Quantifoil Micro Tools GmbH) after a glow-discharge pro-
cedure. Grids were frozen rapidly in liquid ethane using Vitrobot (FEI).
Vitrified grids were observed at liquid nitrogen temperature on a JEM-
2200FS/CR (JEOL) transmission electron microscope equipped with a field
emission gun operating at 200 kV. An in-column energy filter (Omega filter)
produced images with improved contrast and signal/ ratio. The energy slit
width of the energy filter was setup at 12 eV. Digital micrographs were
recorded on an Ultrascan4000 cooled 4 K  4 K charge-coupled device
camera (Gatan) and under low-dose conditions (~20 e-/A˚2) using Digital-
Micrograph (Gatan) software. The samples were observed at nominal mag-
nifications of 40,000 and 30,000, and images were binned by a factor of
2, resulting in final samplings of 5.2 and 7.1 A˚/pixel, respectively, and with
a defocus range from 1 to 3 mm.RESULTS
As mentioned in our previous works (3,16), detergent solu-
bilization of lipid membranes can be a very slow process,
including pseudoequilibrium situations, or kinetic traps
(3,12,14). For this reason MLVs composed of egg SM and
various proportions of other lipids (Cer, DAG, Ch) have
been incubated with Triton X-100 at a detergent/lipid ratio
D/L ¼ 20, equivalent to 20 mM detergent þ 1 mM lipid,
for 48 h at room temperature (unless otherwise stated)
before performing the corresponding measurements.Solubilization of SM-DAG mixtures
Mixtures of SM and either dipalmitoylglycerol (DPG), dis-
tearoylglycerol (DSG), or dioleoylglycerol (DOG) were sol-
ubilized with Triton X-100 under the previous conditions.
The extent of solubilization at equilibrium was measured
by turbidimetry (A500), so that 100% and 0% turbidity corre-
spond to 0% and 100% solubilization, respectively. Incuba-
tion with detergent took place either at 4C, 20C, or 50C.
The results are given in Fig. 1. Both DPG (Fig. 1 C) and
DSG (Fig. 1 E) behave in a very similar way to Cer: solubi-
lization does not occur at 4C, at 20C solubilization occurs
only for the lower diacylglycerols (DAG) concentrations,
and at 50C full solubilization is detected for all the mix-
tures. With DOG, however, the effect is very different,
because solubilization is facilitated, even at 4C, in a
dose-dependent manner (Fig. 1 G).
In our study of SM-Cer mixtures (16) it was concluded
that Cer, by increasing the rigidity of the bilayer, was also
impairing solubilization. This fact was apparent from com-
parison of the extent of solubilization at each temperature
with the corresponding DSC thermogram (16). For this
reason, DSC thermograms have also been recorded for the
three SM-DAG mixtures under study (Fig. 1, D, F, and
H). Thermograms for SM-Cer mixtures are also included
for comparison, taken from (16). The melting temperatures
of DPG, DSG, and DOG are respectively of 68, 73, and
20C. Consequently, addition of DPG or DSG to SM bila-
yers has the effect, as had Cer, of generating high-melting
domains (Fig. 1, D and F), although the presence of DOGBiophysical Journal 107(12) 2828–2837has the effect of shifting the gel-fluid transition endotherm
to lower temperatures.
We can thus conclude that the resistance toward detergent
solubilization exhibited by SM-Cer bilayers was not due to
the chemical properties of Cer, or to a chemical interaction
between SM and Cer, but rather to the presence of a lipid
(Cer, DPG, or DSG) that increases the gel-fluid transition
temperature of the bilayer system.Temperature-solubilization diagrams
On the basis of the so-called temperature-composition dia-
grams or partial phase diagrams, that are commonly used
in the field of lipid and membrane biophysics, we have
constructed temperature-solubilization diagrams, obeying
the following rules: a), the X axis reflects the binary bilayer
composition, assuming excess water; b), the Y axis indi-
cates the temperature at which the solubilization experi-
ment has been performed; c), at each composition and
temperature, the extent of solubilization is expressed in a
scale of gray colors, in which white corresponds to com-
plete solubilization, and black to complete insolubility.
Thus, a single diagram expresses the result of a multiplicity
of solubilization experiments (30–35 triplicate solubiliza-
tion curves in our case). Diagrams corresponding to SM-
Cer and SM-DOG are plotted in Fig. 2. The presence of
detergent resistance regions is detected at a glimpse, as a
population of black dots: at high Cer concentrations and
up to 30C, for SM-Cer mixtures (Fig. 2 A), at low DOG
concentrations and low temperatures for SM-DOG bilayers
(Fig. 2 B). A more detailed examination allows the retrieval
of solubilization properties for any given mixture and
temperature.SM-Ch mixtures
Previous work from this laboratory had shown that certain
SM-Ch mixtures were resistant to solubilization by Triton
X-100 (28). A more systematic exploration of SM-Ch
bilayer solubilization has been carried out, and the results
shown in the temperature-solubilization diagram in Fig. 2
C. The diagram is somewhat anomalous in that, opposite
to what is seen in Fig. 2, A and B, solubilization does not
vary monotonously, either increasing or decreasing, with
temperature. Instead, and besides a minimum solubilization
at 4C, a secondary minimum is found around 25C for all
but the lowest Ch concentrations tested. Both above and
below 25C solubilization appears to improve.
To understand the increased turbidity at 25C, early studies
by Alonso et al. (22,29) on the interaction of phosphatidyl-
choline (PC)-Ch vesicles with Triton X-100 might be
relevant. Those studies had shown that, for many phos-
pholipids in the fluid state, subsolubilizing concentra-
tions of Triton X-100 caused lysis and reassembly of the
original liposomes into larger, MLVs. This phenomenon
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FIGURE 1 Triton X-100 solubilization and ther-
mal properties of lipid bilayers. (A, C, E, and G)
MLV composed of SM and either ceramide or diac-
ylglycerols were treated with detergent (1:20 lipid/
detergent ratio, corresponding to 1 mM lipid þ
20 mM detergent) and the suspension turbidity
(A500) measured after 48 h at room temperature.
Samples 1–5 correspond respectively to bilayers
containing 0, 5, 10, 20, and 30 mol % of the non-
SM lipid. Average values 5 SD (n ¼ 3). (B, D,
F, and G) DSC thermograms of the different lipid
mixtures under study, in the absence of detergent.
Third heating scans are shown.
Detergent Solubilization of Membranes 2831was facilitated in the presence of cholesterol (29,30). If a
similar effect occurs in SM-Ch mixtures, the increasing
turbidity with increasing Ch concentrations observed at
25C (Fig. 2 C) may be explained. This hypothesis is sup-
ported by our time course experiments of Triton-solubiliza-
tion in SM-Ch mixtures at different temperatures (Fig. 3).
Under our conditions, solubilization is completed in 10–
20 s (Fig. 3 A). Later, in a period of several minutes, mixturescontaining cholesterol undergo a process accompanied by an
increase in turbidity (Fig. 3 B). When the change in turbidity
is considered over several hours (Fig. 4), all mixtures appear
to be almost completely solubilized at the first measured
point, however some of them, at certain temperatures, un-
dergo a slow (t1/2 ¼ 2–12 h) process of increase in turbidity.
Note that the results plotted in the temperature-solubilization
diagrams, e.g., Fig. 2 C, correspond to measurements afterBiophysical Journal 107(12) 2828–2837
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FIGURE 2 Temperature-solubilization diagrams. The diagrams represent
the percent turbidity (%A500) of lipid dispersions (MLV) 48 h after Triton
X-100 addition, for bilayers composed of SM and different proportions of
(A) ceramide, (B) DOG, and (C) cholesterol. The symbols correspond to:
(black triangle) >80%, (black circle) 60–80%, (dark gray circle) 40–60%,
(light gray circle) 20–40%, (white circle) 1–20%, (white box) <1%. 100%
corresponds toA500 of the lipid dispersions in the absence of detergent. Molar
lipid/detergent ratio is 1:20, corresponding to 1mMlipidþ 20mMdetergents.
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FIGURE 3 Time-course of detergent-induced changes in turbidity. Pure
SM and SM/cholesterol (80:20 mol ratio) bilayers. (A) Representative
stopped-flow curves of early changes (<1 min). (B) Point-measurements
of delayed changes (1–60 min), average values5SD, n ¼ 3. 100% absor-
bance corresponds to A500 of the lipid dispersions in the absence of deter-
gent. Molar lipid/detergent ratio is 1:20., corresponding to 1 mM lipid þ
20 mM detergents. The curves are meant to guide the eye.
2832 Sot et al.the 48 h detergent addition. Thus, the results in the SM-Ch
solubilization diagram (Fig. 2 C) can be understood as a
result of a dual effect of temperature-induced membraneBiophysical Journal 107(12) 2828–2837fluidification: temperature causes the meltdown of SM-rich
domains, and facilitates solubilization, but the increased
fluidity also favors the reassembly process (22). Thus,
25Cappears to be a critical point abovewhich improved sol-
ubilization overcomes facilitated reassembly.
The lysis and reassembly mechanism (22,29–31) sug-
gested that transient, open structures would form at an early
stage after the detergent addition, imperfectly stabilized by
detergent molecules coating the hydrophobic contour, that
would formally lead to the reformation of large, MLVs.
The process was confirmed by stopped-flow studies of deter-
gent-induced turbidity changes (32) and the transient, open
structures were seen by Almgren et al. (33) using cryo-EM.
In this case, we have applied cryo-EM to observe the nature
of the structures (33,34) giving rise to the delayed increased
AB
C
FIGURE 4 Temperature effects on the time-courses of detergent-induced
changes in turbidity of SM/cholesterol mixtures. MLV suspensions
composed of SM þ 5 mol % cholesterol (A), 10 mol % cholesterol (B),
or 20 mol % cholesterol (C), were treated with Triton X-100 (molar
lipid/detergent ratio 1:20, corresponding to 1 mM lipidþ 20 mM detergent)
and turbidity measured at various times for 30 h. The first measurements
were taken 1 min after detergent addition. % absorbance corresponds to
pure buffer. 100% absorbance corresponds to a detergent-free lipid vesicle
suspension. Average values 5 SD (n ¼ 3). Temperature for each experi-
ment is indicated at the right side of each curve. The curves are meant to
guide the eye.
Detergent Solubilization of Membranes 2833turbidity seen in Figs. 3 and 4. Representative images are
shown in Fig. 5. After detergent treatment, the choles-
terol-containing sample is organized partly in the form of
MLVS and partly as flat discs (34). Note that the lysis andreassembly process makes the diagrams in Fig. 2 something
else than temperature-solubilization diagrams, but the name
has been kept for simplicity.Gel lipid domains in the presence of detergent
Much of the previous evidence, and in particular the data in
Fig. 1, suggests a correlation between resistance toward
detergent solubilization and the presence of gel-like lipid do-
mains in the bilayer. Those rigid domains would prevent sol-
ubilization. But the DSC data in Fig. 1 are obtained in the
absence of detergent. Thus, a series of calorimetric measure-
ments were performed with lipid/detergent (1:20 mol ratio)
mixtures in aqueous dispersion. The results, summarized
in Fig. 6, indicate clearly the presence of gel-like domains
in certain lipid mixtures even in the presence of excess Triton
X-100. Only in those mixtures (SM-Triton, SM-DOG-
Triton) in which no endotherms are detected above 20C
was full solubilization achieved at that temperature. These
data support the hypothesis that high-melting domains in
the membrane give rise to detergent-resistant fractions at
temperatures below the melting temperature of the domains.Lipidomic analysis of DRMs
As an additional proof of the biological validity of our
studies, we isolated detergent-resistant membranes (DRM)
from MDCK cells following an established procedure (24).
Of 264 lipids analyzed, 161 were found significantly altered
in DRM as compared with cell membranes. The highest
changes (Fig. 7) were displayed by phosphatidylinositols
that decreased markedly in DRM, and by DAG and Cer,
whose levels in DRM increased ~fourfold. The sum of the
normalized areas under the chromatographic peaks of each
metabolite provides data concerning the average levels of
each lipid class present inDRMandMDCKcells. The signif-
icant enrichment of DRM in SM and CHM was also note-
worthy when compared with whole cell extracts (Fig. 7).
Although nonesterified cholesterol data are only tentative
because the chromatographic area of this compound cannot
be totally resolved from other cholesterol-related meta-
bolites, the normalized area of this unresolved chro-
matographic peak did not present significant differences
between DRM and whole cell contents. Analysis of a num-
ber of Cer and DAG molecular species was also carried out.
Saturated DAG (16:0/16:0) and Cer (18:0) levels increased
by 11.4- and 11.7-fold in DRM. Conversely, unsaturated
phosphatidylinositol (18:0/18:2) and (16:0/18:2) levels
decreased 99% and 95%, respectively, in DRM when
compared with the whole membrane fraction.DISCUSSION
Two main aspects, concerning the interaction of detergents
with lipid membranes, deserve our attention in light of theBiophysical Journal 107(12) 2828–2837
FIGURE 5 Cryo-EM images of SM/Cholesterol
(80:20 mol ratio) dispersions. Pictures taken in
the absence (left) or in the presence (right) of
Triton X-100 at a 20:1 detergent/lipid mol ratio, af-
ter 48 h detergent treatment at 25C. Arrows: mul-
tilamellar vesicles. Arrowheads: lipid discs. Bars:
100 nm. To see this figure in color, go online.
2834 Sot et al.previous results, namely the relationship between mem-
brane lipid phase transitions and solubilization, and the
phenomenon of the detergent-induced generation of large
vesicles.Lipid melting points and detergent solubilization
The data by Sot et al. (16) concerning the solubilization of
SM-Cer mixtures could be understood in terms of lipid
high- or low-melting Tm: SM-Cer bilayers are heteroge-
neous in the sense that they contained SM-enriched (lower
Tm) and Cer-enriched (higher Tm) domains. As shown in
that publication, in experiments in which the temperature
was gradually increased the rigid domains were solubilized
progressively as the experimental temperature reached Tm.
A good parallelism was observed between the calorimetric
and the solubilization traces (see Fig. 8 in (16)). The results
in this work (Fig. 1) confirm and generalize the same trend.
Pure SM (Tm z 40C) is solubilized more easily at 50C
than at 20C and much more easily than at 4C. Addition
of DPG or DSG, which induce a generation of domains
with Tm at 55–60
C, make difficult solubilization not only
at 4C, but also at 20C (Fig. 1, C–F). DOG on the contrary,Biophysical Journal 107(12) 2828–2837lowers Tm of the mixture, and this allows a certain degree of
solubilization even at 4C (Fig. 1, G and H).
The presence of high-melting domains in a bilayer in the
absence of detergent does not guarantee that similar rigid
domains will exist in the presence of a large excess of Triton
X-100 (20-fold) as used in this work. However, the data in
Fig. 5 indicate that, even in the presence of excess detergent,
SM bilayers containing either Cer, DPG, or DSG, but not
DOG, contain as well components that melt only at high
Tm (up to 50
C). It is interesting in this respect that DRM
obtained from mammalian cells happened to be highly en-
riched in Cer and saturated DAG (Fig. 7). These data pro-
vide a further confirmation that the various domains are
solubilized when the experimental temperature is close to
their respective Tm. The presence of lipids with a relatively
high gel-fluid transition temperature, e.g., SM, in lipid rafts
had been proposed as a reason to explain detergent resis-
tance (35). In a previous study, we showed that the presence
of SM or dipalmitoylphosphatidylcholine by itself could not
explain the resistance toward solubilization (28). The pre-
sent data suggest that it is rather the presence of certain lipid
mixtures that makes membrane detergent solubilization
more difficult in a given temperature range.
+30%Cer
+30%DSG
+30%Ch
0.25 Kcal/mol ºC
SM:Triton
   (1:20)
10 20 30 40 50 60
+30%DOG
Temperature (oC)
FIGURE 6 DSC thermograms of lipid-detergent mixtures. MLV
composed of pure SM or mixtures with 30 mol % cholesterol, diacylglycer-
ides, or ceramide were treated with Triton X-100 (molar lipid/detergent ra-
tio 1:20, corresponding to 1 mM lipid þ 20 mM detergent) and left to
equilibrate for 48 h before thermal analysis. Representative thermograms
(4th heating scans) are shown.
Detergent Solubilization of Membranes 2835The interpretations just discussed are not necessarily
identical to those derived from previous studies on pure lipid
bilayers. In their study of the solubilization of different PC
by Triton X-100, Patra et al. (6) showed that solubilization
was easiest (i.e., occurred at lower detergent/lipid ratios)
at temperatures close to the gel-fluid transition temperatureSM
FAA
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PI
**
*
***
*
-3 -2 -1 0 1 2 3
DAG
Cer
CMH
*
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Log2 (fold change) 
FIGURE 7 Selected data from the lipidomic analysis of whole MDCK
cells and derived DRM. Log 2 fold-changes between the average levels
of each lipid class assessed in DRM and MDCK cells. The sum of the
normalized areas under the chromatographic peaks of each metabolite pro-
vides data concerning the average levels of each lipid class present in DRM
and MDCK cells. Positive values of log2 (fold change) indicate that the
DRM are enriched in a given lipid with respect to the MDCK cells, and
the opposite occurs with the negative values. PI, phosphatidylinositol;
ChoE, cholesterol esters; PE, phosphatidylethanolamine; TAG, triacylgly-
cerides; PC, phosphatidylcholine; FAA, fatty acid auride; SM, sphingomye-
lin; CMH, monohexosylceramides; Cer, ceramides; DAG, diacylglycerols.Tm of the PC. The amount of detergent required for solubi-
lization increased both above and (particularly) below Tm.
This principle was confirmed by the observations of Schnit-
zer et al. (14). The different behavior of detergents with
regard to pure or mixed bilayers deserves some further
exploration.
The reason why solubilization should be easier with low-
Tm lipids in the bilayer is currently unclear. Measurements,
using isothermal titration calorimetry, of the partition coef-
ficient of Triton X-100 into SM bilayers in a range of tem-
peratures covering both the gel and fluid phases (5–55C)
(18) failed to show any significant difference in the affinity
of the surfactant for the gel or fluid phase. However, it is sig-
nificant that, in the range of temperatures near Tm, large heat
exchanges were observed that could result, at least partly,
from an increased detergent binding, or from a detergent-
induced shift in Tm. It is unfortunate that the experimental
data in this region could not be fit to any simple partition
model, thus could not be quantitatively interpreted. More-
over, lipid bilayers in the gel phase become saturated by
Triton X-100 at lower surfactant concentrations than those
in the fluid phase (36). Again, this remains clearly an area
open to further research.
Several studies on the solubilization of bilayers in the gel
phase (6,9,22,37,38) have been interpreted in terms of the
bilayers being fragmented into particles containing virtually
pure gel phospholipid surrounded by a rim of detergent (37).
Keller et al. (38) consider these systems to be technically
soluble, because their suspensions are transparent and the
fragments cannot be sedimented (e.g., at 100,000  g,
1 h), but thermodynamically resistant because lipid and
detergent are not mixed at the molecular level. The frag-
ments, or gel-phase micelles (37), may arise from detergent
molecules becoming inserted into packing defects in the
bilayer. The detergent will stabilize the defect and additional
detergent molecules will insert in a cooperative way,
until the bilayer falls apart, the detergent covering the hy-
drophobic edges. Solubilization of bilayers in the gel phase
should not be confused with that of bilayers in the liquid-or-
dered phase, e.g., those composed of SM and cholesterol.
The latter are resistant to solubilization as compared to
their liquid-disordered sterol-free counterparts (39), but
the liquid-ordered bilayers are both technically and thermo-
dynamically resistant. Detergent resistance of gel bilayers is
temperature-dependent, detergent resistance of liquid-or-
dered bilayers is composition-dependent (compare Fig. 2
A and C).Detergent-induced lysis and reassembly of lipidic
vesicles
That detergents can, under certain conditions, cause a
remarkable increase in the size of lipidic vesicles has been
known for years (22,29). The phenomenon is probably
one of vesicle lysis and reassembly, although it hasBiophysical Journal 107(12) 2828–2837
2836 Sot et al.sometimes been interpreted as vesicle fusion. It is usually
observed at sublytic detergent concentrations, and in fact
our experimental conditions (1:20 lipid/detergent mole ra-
tios, corresponding to 1 mM lipid þ 20 mM detergent)
were selected, among other things, to prevent this complica-
tion. It is interesting however that the unusual properties of
cholesterol in promoting fusion or reassembly, predominate
at and around 25C (Figs. 2, 3, and 4), thus increasing the
complexity of the system. Although cholesterol is consid-
ered as a key component of rafts (1), and often detected as
a component of detergent-resistant fractions, its ability to
facilitate vesicle reassembly at subsolubilizing detergent
concentrations, such as occurring during floatation of deter-
gent-treated membranes in sucrose-gradient centrifugation,
is not commonly taken into account.
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